We present measurements of the wavelength-dependent ref lectivity of a subwavelength metal hole array on a glass substrate. We compare the observed resonant structures with those found in transmission and note a nonreciprocity under illumination from the air versus the glass side. This can be used to verify on which interface the surface plasmons are resonantly excited and to estimate the losses in the subwavelength channels. In this model the in-plane momentum of the SPs is supplied by the projected component of the incident optical wave momentum as well as a lattice component taken from the hole array. Surprisingly, the ref lection properties of these nanostructures have not yet been reported, although they are essential for a complete description and understanding of the optical system; as we show, they provide a tool for determining on which side of the metal f ilm the resonances are localized. The transmission cannot provide such information, because it does not change under reversal of the film due to the reciprocity theorem; however, ref lection can be nonreciprocal if losses are incorporated in an asymmetric structure.
Recently, subwavelength hole arrays in metal f ilms have received much attention, 1 -7 because they show an unexpectedly large transmission compared with predictions of conventional diffraction theory. 8 This large transmission is attributed to the resonant excitation of surface plasmons 9 (SPs), which in the standard model 1, 2 can reside on either interface. 2 In this model the in-plane momentum of the SPs is supplied by the projected component of the incident optical wave momentum as well as a lattice component taken from the hole array. Surprisingly, the ref lection properties of these nanostructures have not yet been reported, although they are essential for a complete description and understanding of the optical system; as we show, they provide a tool for determining on which side of the metal f ilm the resonances are localized. The transmission cannot provide such information, because it does not change under reversal of the film due to the reciprocity theorem; however, ref lection can be nonreciprocal if losses are incorporated in an asymmetric structure. 10, 11 To our knowledge we present here the first ref lection spectra of a subwavelength hole array, measured in the zeroth order and under normal incidence.
The hole array used in the experiment consists of a 200-nm-thick gold f ilm (much thicker than the optical skin depth of ഠ12 nm) deposited on a 0.5-mm-thick glass substrate, with a thin (2-nm) titanium bonding layer in between. A 1 mm 3 1 mm array of cylindrical air holes arranged in a square grid was made in the gold f ilm by first def ining an array of pillars by electron-beam lithography, subsequently evaporating the metal onto the substrate, and f inally removing the pillars. The hole diameter is 200 nm, and the array period is 700 nm, as determined from scanning electron-beam micrographs (error within 1%); the refractive index of the glass (Schott-type BK7) is 1.51 in the wavelength range 650 -1100 nm. Note that the glass substrate provides for the asymmetry needed to remove the wavelength degeneracy between resonances at both sides of the f ilm, 1,2 so that losses, in principle, can break ref lection reciprocity. Figure 1 depicts the experimental setup; an incandescent lamp is used as the light source. A combination of two pinholes and a lens serves to limit the spot size on the hole array to 500 mm, with an associated numerical aperture (NA) of 0.01 rad. A beam splitter redirects the ref lected light onto a multimode fiber (core diameter of 200 mm; NA, 0.20 rad) serving as input to a grating spectrometer with a CCD detector (Avantes Avaspec-2048, resolution of 1.2 nm). An additional lens in front of the f iber allows us to capture all light, as it makes an image of only 100 mm on the fiber-core facet while staying well within the NA of the fiber. Figure 2 shows the measured ref lection spectrum of the hole array and the neighboring unperforated gold film, illuminated under normal incidence from either the glass or the air side (see caption). These curves were obtained by averaging over many individual measurements to increase the signal-to-noise ratio, which deteriorates above 1000 nm because of limited detector efficiency. As a reference for the 100% level, we used a broadband silver mirror (New Focus 5103), the ref lectivity of which was in turn calibrated against a dielectric mirror with R . 99% (New Focus 5102) in the range 700-1050 nm. The estimated accuracy of the vertical ref lectivity scale is better than 5% in absolute units and of course much better in relative units; this estimate is based on the reproducibility and alignment sensitivity. For comparison, we also show the measured transmission spectrum of the hole array, multiplied by a factor of 5.
The ref lection spectra of the hole array show resonant structures similar to those observed in transmission. Three such structures are discernible at Fig. 1 . Experimental setup for ref lection measurements, comprising an incandescent lamp as a light source, two pinholes (P 1 and P 2 ), a beam splitter (BS), two imaging lenses (L 1 and L 2 ), the hole array, and a fiber connected to a grating spectrometer. The hole array was placed with either its glass -metal or its air -metal side facing the beam. wavelengths of approximately 750, 810, and 1100 nm, which have been labeled as 1, 2, and 3, respectively, in Fig. 2 ; unfortunately, structure 3 is at the end of our measurement range. The dotted-dashed vertical lines show that the structures are neatly aligned in all spectra. On the basis of the standard model mentioned above, peak 1 can be assigned to the resonant excitation on the air-metal interface of the ͑61, 0͒ and ͑0, 61͒ SPs, and peaks 2 and 3 can be assigned to the resonant excitation on the glass -metal interface of the ͑61, 61͒ and the ͑61, 0͒ and ͑0, 61͒ SPs, respectively. Typical amplitudes of these resonances are much larger in ref lection than in transmission (the vertical scale of the transmission spectrum has been magnified five times). As an aside, we note the slight kink in the spectra at a wavelength of 700 nm (see arrow in Fig. 2) , which is precisely equal to the lattice period; this indicates the onset of first-order diffraction modes (both in ref lection and transmission).
The key point to note in Fig. 2 is that there is a striking difference between the ref lection spectra observed from the glass side (red) and the air side (blue). The transmission spectra do not show this asymmetry; in fact, they overlap within the experimental accuracy. Theoretically, the transmission spectra should of course be equal because of the reciprocity theorem. For the ref lection spectra nonreciprocity is allowed and can be used to obtain additional information. Experimentally, we found that, in the air-side ref lection spectrum, peak 1 is the most prominent, whereas in the glass-side ref lection, peaks 2 and 3 are stronger. This indicates that the resonances are dominantly localized at a specific interface and show up most prominently in the ref lection spectrum taken under illumination from that side. Furthermore, the aforementioned observations agree with the assignment based on the standard model, thereby confirming its validity.
A quantitative analysis of the differences observed in ref lection was performed as follows: For peak 2 we looked specif ically at the structure observed from 770 to 830 nm, which has a nearly identical shape in both spectra. The glass-side resonance ranges from 90% at 775 nm to 40% at 810 nm, whereas the air-side resonance ranges from 76% to 55% at those wavelengths, respectively. The strength of the glass-side resonance, as quantified by the relative variations in ref lectivity, is therefore roughly a factor of 50͞21 2.4 more than that of the air-side resonance. Similarly, for peak 3, around 1100 nm, the ref lectivities range from 95% to 23% for the glass side and from 95% to 70% for the air side, yielding a factor of 72͞25 2.9, although the uncertainty is larger here since this peak is off scale. For peak 1 the structures in the region from 710 to 770 nm do not match as well in shape. Therefore we compare the average ref lectivity of the two maxima with the minimum in between, which yields the following numbers: ref lectivities of 85% to 74% for the glass side and 73% to 36% for the air side, yielding a factor of 11͞37 1͞3.4 for the resonance strength as observed from either side.
The measured difference between the ref lection dips observed in front-side and back-side illumination is naturally attributed to propagation loss in the cylindrical waveguides represented by the holes: The resonance at the interface opposite the illuminated one can still be felt but at the cost of a double pass through the subwavelength holes. In the absence of an exact theory it seems likely that the observed peaks in ref lection are dominated by the coherent interference between a resonant and a nonresonant ref lection amplitude, as in the Fano-type description of hole-array transmission. 7 The observed factor of roughly 3 should then be interpreted as a round-trip amplitude loss. This may be compared with recent transmission experiments on hole arrays with identical (200-nm) hole diameters and varying thicknesses, where an exponential intensity decay length of ഠ50 nm was reported. 5 This would correspond to a round-trip amplitude loss of exp͑4͒ ഠ 55, i.e., a much larger value. This estimate might, however, be too naive, because the aforementioned experiments 5 show that the exponential dependence breaks down for f ilms thinner than 300 nm for as-yet unknown reasons. Our results seem to confirm this breakdown.
In conclusion, we have presented what are believed to be the f irst ref lection spectra of a subwavelength hole array. These spectra exhibit strong features that resemble those found in transmission. On the basis of the asymmetry of the ref lection under reversal of the array, we are able to identify the interface at which the SPs are dominantly excited; this is a powerful diagnostic tool for characterizing a given hole array without a priori knowledge of its structure. A more quantitative analysis of the spectra suggests a breakdown of the exponential f ield decay that one would expect for waveguides below cutoff. This is consistent with experiments reported by others 5 but cannot yet be explained. The fact that there is no complete theory yet makes our measurements even more useful, because they provide a new piece of the puzzle. 
